1. Introduction
===============

Human progress in the field of new technologies in the field of health has implications that require management and some health interventions. Recently, interest has increased in electromagnetic fields due to concerns about the potential effects of EMF, both on human health and animals ([@b1-epj-08-2168], [@b2-epj-08-2168]). We live in a world that is completely surrounded by the Earth's geomagnetic field with 0.5Oe and electromagnetic pollution is caused by man-made sources. The damaging effects of electromagnetic fields depend on the frequency (wavelength), the density of the field, and the duration of radiation ([@b1-epj-08-2168]). Extremely low frequency electromagnetic fields (ELF-EMF), non-ionizing radiation that has a frequency range in home appliances with frequency of 50 or 60 Hz that emit waves with long wavelength ([@b3-epj-08-2168]). Most electrical appliances work in the frequency range between 50 and 60 Hz, and further studies of the impact of electromagnetic radiation on living organisms is being done in this frequency range. Fifty Hertz corresponds to a wavelength of 3,500 kilometers, which is close to the Earth's radius ([@b3-epj-08-2168]). Many studies have been conducted to determine the possible effects of low frequency fields on human health ([@b4-epj-08-2168]--[@b6-epj-08-2168]). It seems that electromagnetic fields can cause infertility in women ([@b7-epj-08-2168], [@b8-epj-08-2168]). ELF-EMF has devastating effects on the reproductive system of female rats, e.g., it reduces the number of flushed blastocysts and increases the height of the epithelial cells in the fallopian tubes ([@b9-epj-08-2168]). ELF-EMF radiation can cause changes in the uterus and ovaries in rats ([@b10-epj-08-2168]), influence follicular development, influence the estrus cycle, and cause birth defects, miscarriage, and premature birth ([@b11-epj-08-2168]). The development of tissues, organs, and systems during embryogenesis is sensitive to toxic agents ([@b10-epj-08-2168]). EM fields potentially can affect fetal development, but their mechanisms still are not fully understood ([@b12-epj-08-2168]). Based on available studies of human subjects, exposure to electromagnetic fields (parental exposure) with frequencies from 50 to 60 Hz both before and during pregnancy can have an important role in the development of childhood cancer ([@b13-epj-08-2168]). It also has been shown that exposure to extremely low frequency electromagnetic fields during pregnancy can cause adverse effects in pregnant female rats and the development of their newborns. Abortion, fetal loss, malformation, and growth delay in the offspring of pregnant rats are some of the effects of EMF ([@b10-epj-08-2168]). Because of their jobs, physiotherapists who are pregnant are affected by microwave radiation, they have an increased risk of miscarriage. Living in proximity (closer than 50 meters) of an ELF-EMF source during pregnancy can cause suboptimal growth of the uterus ([@b14-epj-08-2168]). Another study also found that exposure of pregnant women between the first to the 20th days of pregnancy reduces the number of viable fetuses per mother ([@b15-epj-08-2168]). However, other studies have produced conflicting results. In pregnant rats exposed to a magnetic field with a frequency of 60 Hz from the 6th to the 20th day of pregnancy showed no significant biological effects in the fetuses and puppies ([@b16-epj-08-2168]). In another study, it was shown that electromagnetic radiation at a frequency of 60 Hz from the 6^th^ to the 21^st^ day did not have any biological effect on the mother's pregnancy or the first and second generation ([@b17-epj-08-2168]). In a study of pregnant wistar rats that were exposed to a low frequency electromagnetic field, no changes were reported in their body weights or the number of embryos ([@b17-epj-08-2168]). Due to the contradictory results that have been reported, the aim of this study was to evaluate the effect of the exposure to an electromagnetic field during embryonic development, morphological changes in the oocytes, and to affect the differentiation of oocytes and folliculogenesis, resulting in decreased ovarian reserve and leading to infertility or reduced fertility.

2. Material and Methods
=======================

2-1. Research design
--------------------

This research was done experimentally. Thirty rats were taken randomly from laboratory animals, and their ages and weights were determined. Three-month-old rats were selected for testing, and they were divided randomly into three groups, i.e., a control group, experimental group 1, and experimental group 2 with 10 rats in each of the groups. During the experiment, the three groups were maintained and fed in the same conditions. The two experimental groups were exposed to magnetic fields of 50 to 60 Hz, as animals of group 1 received EMF for 8 weeks (three weeks intrauterine + five weeks ectopic) and animals of group 2 received EMF for 13 weeks (three weeks intrauterine + ten weeks ectopic).

2.2. Data Collection
--------------------

After the period mentioned above, the rats were anesthetized with pentobarbital (40 mg), and their ovaries and isolated oocytes were removed. The structures in the oocytes' cells were examined, and the cells were fixed immediately in 10% formaldehyde and then embedded in paraffin. Subsequently, the histology process was stained, and the cells were studied using a light microscope. To compare the data obtained from the two groups, 100 microscopic sections were evaluated in each group and atresia of follicles was recorded using a 10× microscopic lens. We used the Kruskal Wallis non-parametric test and SPSS statistical software, version 22.0, to compare the histopathology results.

3. Results
==========

Our results indicated that the EMF radiation had harmful effects on the formation of ovarian follicles and ovule implantation. For comparison of results, in each group, 100 microscopic cross-sections were selected and the numbers of follicles with atresia were counted using a 10× microscope lens. For detection of the atresia of the follicles, we evaluated degenerative changes in the granulosa of the growing primary follicles, the status of cells around the oocytes, and the structure of ovarian stroma. The ovarian follicles showed that the nuclei of the oocytes became smaller and changed in shape. In the groups affected by electromagnetic waves, harmful effects were recorded compared to the control group, and there was a significant difference between the mean numbers of atretic follicles in the control group compare to the experimental groups (p \< 0.05) ([Figures 1](#f1-epj-08-2168){ref-type="fig"}, [2](#f2-epj-08-2168){ref-type="fig"}).

In experimental group 1, growing primary follicles had relatively irregular arrangements with a discrete theca layer and also uneven thickness of the zona pellucida layer in some parts of the follicles ([Figures 3](#f3-epj-08-2168){ref-type="fig"}, [4](#f4-epj-08-2168){ref-type="fig"}). Disappearance and destruction of granulosa of the growing primary follicles were evident in experimental group 2. Irregular oocytes in the follicle were quite evident, and the structure of the ovarian stroma was disrupted. Also, accumulation of collagen fibers in the form of fibrosis was observed in part of the ovarian stroma in experimental group 2 ([Figures 5](#f5-epj-08-2168){ref-type="fig"}, [6](#f6-epj-08-2168){ref-type="fig"}). Our results indicated that the atresia of the ovarian follicles were significantly different in experimental groups 1 and 2 compared to the control group (p \< 0.05).

4. Discussion
=============

The study of the biological effects of electromagnetic fields was considered due to the increasing use of devices that generate electromagnetic waves. The aims were to determine the possible effects of these waves on reproduction, fertility, and embryonic development ([@b18-epj-08-2168], [@b19-epj-08-2168]). This study aimed to investigate the effects of electromagnetic field with a frequency of 50 Hz on folliculogenesis and differentiated oocytes of newborn rat pups after pregnancies that were affected by an electromagnetic field. Rats' ovaries during the post-natal period are rich in quiescent and early-growing oocytes that are surrounded by a layer of granulosa cells ([@b20-epj-08-2168], [@b21-epj-08-2168]). Exposure to an EMF during embryonic development can affect folliculogenesis ([@b6-epj-08-2168]) and cause adverse effects on fertility in female mammals ([@b7-epj-08-2168]). In this study, we found that the electromagnetic field can increase the harmful effects on the formation of follicles and ovule implantation. Shrinkage of oocyte nucleoli and the irregular shape of the oocytes also were observed in this study. Maturation, fertilization, and embryonic development before implantation (pre-implantation embryo development) depend on oocyte growth and the differentiation of follicular cells around it ([@b22-epj-08-2168]). Irregular morphology of the core can be a sign of changes in nuclear structure ([@b23-epj-08-2168]). In a study conducted by Bakacak on the effects of an electromagnetic field on ovarian follicles showed that the oocytes' nuclei became smaller and changed in shape ([@b14-epj-08-2168]). [Figure 6](#f6-epj-08-2168){ref-type="fig"} shows that the zona pellucida in the follicles was degraded extensively and are no longer visible. Also, leukocytes aggregations for local or topical infiltration were observed around the follicles. Based on the results, exposure to extremely low frequency magnetic fields may impair the fertility of female mammals by reducing the ability of follicles to reach the stage of development that is an essential prerequisite for successful reproduction. The EMF exposure in daily life due to reducing supply of oocytes in the ovaries leads to decreasein infertility ([@b7-epj-08-2168], [@b21-epj-08-2168], [@b24-epj-08-2168]). It has been shown that follicle atresia in the ovaries is associated with apoptosis of granulosa cells. Programmed death (apoptosis) of ovaries' granulosa cells in the presence of electromagnetic fields has been reported ([@b23-epj-08-2168]). The degeneration of granulosa cells was observed under the influence of the electromagnetic field. Exposures to an EMF during embryonic development affects the process of ovulation, folliculogenesis, loss of egg cells, degeneration of granulosa cells, and decreased ovarian reserve, finally resulting in infertility. Exposure to an EMF during the gestation period can cause alteration in ovarian structures, such as the degeneration of oocytes and follicles. The results of exposure to an EMF were decreased ovarian reserve leading to infertility or reduced fertility.

5. Conclusions
==============

According to the findings of this study, it seems that exposure to electromagnetic fields during embryonic development can result in morphological changes in oocytes and differentiation of the oocyte and folliculogenesis, resulting in decreased ovarian reserve leading to infertility or reduced fertility. EMF exposure during the gestation period affects folliculogenesis and ultimately causes infertility. It is recommended that human models be evaluated to gain a better understanding of the other undefined aspects of EMF effects on human reproduction.
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![Micrograph of light microscope from control group, with growing primary follicles in the bed of the ovarian stroma clearly seen: Granulosa cells around the growing follicles with theca layers are obvious. Zona pellucida with specified thickness in the follicles is evident. 40× Hematoxylin-eosin stains (H & E)](EPJ-08-2168-g001){#f1-epj-08-2168}

![Micrograph of light microscope from control group, growing primary follicles with identified granulosa cells that have cores of euchromatin: Zona pellucida layer (Z) around the oocyte has acidophilus color and homogenized and clear. Theca layer (T) on a regular basis is visible around the follicle. 40× Hematoxylin-eosin stains (H & E)](EPJ-08-2168-g002){#f2-epj-08-2168}

![Micrograph of light microscope from experimental group(8 weeks), growing ovarian follicles with immature layers of granulosa cells, relatively non-visible Zona pellucida layer with discrete theca layer in stromal bed has seen as it is granular. 40× Hematoxylin-eosin stains (H & E)](EPJ-08-2168-g003){#f3-epj-08-2168}

![Micrograph of light microscope from Experimental group (8 weeks), growing primary follicles with relatively irregular arrangement with discrete theca layer and uneven thickness of zona pellucida layer in some parts of the follicles is visible. 40× Hematoxylin-eosin stains (H & E)](EPJ-08-2168-g004){#f4-epj-08-2168}

![Micrograph of light microscope from Experimental group (13 weeks), the construction of ovarian stroma turn apart and dilated blood vessels and blood congestion is evident. Also, infiltration of blood leukocytes is visible. 40× Hematoxylin-eosin stains (H & E)](EPJ-08-2168-g005){#f5-epj-08-2168}

![Micrograph of light microscope from Experimental group (13 weeks), disappearance and destruction of granulosa of the growing primary follicles were evident: Irregular oocyte in follicle is quite evident (Arrows). Also, the structure of ovarian stroma is disrupted. The oocyte cytoplasm like acidophilus plates within the follicles is visible. Also, accumulation of collagen fibers in the form of fibrosis is seen in part of the ovarian stroma. 40XHematoxylin-eosin stains (H & E)](EPJ-08-2168-g006){#f6-epj-08-2168}
